We provide genetic evidence to show that the Mycobacterium tuberculosis FtsZ and FtsW proteins interact, and that these interactions are biologically relevant. Furthermore, we show by fluorescence microscopy that Mycobacterium smegmatis FtsW is part of its septasomal complex and colocalizes with FtsZ to the midcell sites. Colocalization experiments reveal that approximately 27% of the cells with septal Z-rings contain FtsW whereas 93% of the cells with FtsW bands are associated with FtsZ indicating that FtsW is late recruit to the septum, as in Escherichia coli. Our results suggest that mycobacterial FtsZ can localize to the septum independent of FtsW, and that interactions of FtsW with FtsZ are critical for the formation of productive FtsZ-rings and the cell division process in mycobacteria.
Introduction
Genetic studies on the cell division process in the unicellular organism Escherichia coli indicate that it is a well-orchestrated event involving the concerted action of several proteins [1] . FtsZ, a key player involved in the cell division process, exhibits GTP-dependent polymerization and GTPase activities and initiates the cell division process by assembling at the midcell site distinct structure called the Z-ring [2] . Interactions of FtsZ with itself and other cell division proteins and their orderly localization to the Z-ring are believed to result in the formation of stable cytokinetic ring and subsequent cell division. Among the several cell division proteins identified, FtsA and ZipA bind to the C-terminus of FtsZ and localize independent of each other to the Z-ring [3, 4] . Although FtsZ rings assemble in the absence of either FtsA or ZipA, they cannot assemble in the absence of both [5] . Other studies indicate that ZipA and FtsA have overlapping functions and that ZipA role in the cell division process in E. coli can be bypassed in the presence of a gain of function mutation in ftsA [6] . FtsA, which is more conserved than ZipA, contains a conserved C-terminal amphipathic helix needed for targeting FtsA, and consequently FtsZ to the membrane in E. coli [7] . Several studies have identified interactions of FtsZ with other cell division proteins (reviewed in [1] ) and recently, using the bacterial two-hybrid system, one study confirmed direct interactions between FtsZ and ZipA, FtsZ-FtsA, FtsW-FtsQ, FtsW-FtsI proteins of E. coli; although interactions between FtsZ and FtsW proteins have not been identified in this study [8] .
The cell division process in members of mycobacteria is just beginning to be understood. These studies suggest that FtsZ and WhmD proteins of mycobacteria are essential cell division proteins and that Mycobacterium tuberculosis FtsZ (FtsZ TB ) is a target of FtsH TB protease [9] [10] [11] [12] [13] . Optimal levels of FtsZ are required for cell division [11] and that M. tuberculosis ftsZ (ftsZ TB ) can replace the function of Mycobacterium smegmatis counterpart indicating the FtsZ catalyzed steps in the cell division processes of slow-and fast-growing members of mycobacteria are similar [12] . Fluorescence microscopy studies with GFP fusion proteins of FtsZ TB and M. smegmatis FtsZ (FtsZ Smeg ) led to visualization of FtsZ structures in the filamentous cells of M. smegmatis overproducing FtsZ [11] . The genome sequences of M. tuberculosis [14] , Mycobacterium avium and M. smegmatis (www.tigr.org) lack identifiable analogs of ZipA and FtsA proteins. Consequently, the mechanism(s) involved in targeting mycobacterial FtsZ to putative cell division site are unknown. Recently, using biochemical approaches in vitro interactions between FtsZ TB and FtsW TB proteins have been demonstrated [15] . This study also showed that a stretch of four aspartic acid residues located at the carboxy (C-) terminus of FtsZ TB are important for these interactions as mutant FtsZ TB protein containing alanine in place of aspartic acid (FtsZ D367-370A ) does not interact with FtsW TB [15] . It is, however, unknown whether the in vitro observed interactions between FtsZ TB and FtsW TB are observed in vivo and if so, whether these interactions are biologically relevant. It is also unknown whether mycobacterial FtsW is part of the septasomal complex, i.e. localizes to the septal ring and if so, whether it colocalizes with FtsZ? These questions form the basis of this paper.
Materials and methods

Bacterial strains and culture conditions
All plasmids were propagated in E. coli Top10 strain (Invitrogen Inc.). M. smegmatis mC 2 155 was originally obtained from Dr. Bill Jacobs Jr. (Albert Einstein College of Medicine, Bronx, New York) and was cultured in Middlebrook 7H9 broth supplemented with albumin-dextrose-sodium chloride. Mycobacterial transformants were selected in the same media supplemented with agar containing either kanamycin (25 lg/ml), hygromycin (10 lg/ml) or both [11] . Conditions for culturing yeast Y19 strain are as described in Clontech manual (PT3062-1).
Molecular biology techniques: Yeast two-hybrid plasmids and measurement of beta-galactosidase assays
Yeast matchmaker two-hybrid system (Clontech) was used to determine interactions between FtsZ and FtsW proteins. The full length and truncated forms of ftsZ TB and ftsW TB were cloned downstream of yeast GAL4 activating (pGAD10) and GAL4 DNA binding (pAS2-1) domains following manufacturerÕs instructions (see Table 1 ). Details of truncations in ftsZ and ftsW are described in Table 1 . These plasmids in various combinations were introduced into yeast Y19 strain and the resultant transformants were analyzed qualitatively by Colony-lift Filter Assay and quantitatively by Liquid Culture Assay essentially following the Yeast Protocols Handbook PT3024-1 (Clontech). Briefly, for liquid culture assay, overnight cultures were diluted, and grown fresh at 30°C to OD 600 of 0.5 to 0.6. Cells were washed, resuspended in Z-buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4, 10 mM MgCl 2 , 50 mM b-mercaptoethanol), permeabilized by freezethawing, incubated with 5-bromo-4-chloro-3-indolylb-D-galactoside (1 mg/ml) for 1-2 h at 30°C. After sufficient yellow color developed, reactions were stopped, absorbance recorded at 435 nM and Miller units were calculated as described (PT3024-1). Positive (pVA3-1, pTD1) and negative (pLAM5-1) control plasmids (see Table 1 ) were always included in these assays. The background b-galactosidase activity of yeast reporter strains transformed with individual plasmids expressing respective fts genes were also measured and were found to be comparable to that produced by the untransformed reporter strain.
Construction of plasmids expressing ftsZ
Self-replicating plasmids expressing M. smegmatis ftsZ (ftsZ smeg , pJFR78) and ftsZ smeg -gfp (pJFR79) are previously described [12] . With pJFR79 as template, overlay PCR mutagenesis protocol was used to generate mutant ftsZ smeg -gfp containing alanine in place of aspartic acid at positions 374-376 (designated as ftsZ*-gfp). Primers 5 0 -GACGGGGCATCGCGGCGG-CCGCGGTCGACGTGCCGCCC-3 0 (MVM362) and 5 0 -GGGCGGCACGTCGACCGCGGCCGCCGCGAT-GC-CCCCGTC-3 0 (MVM363) were used in combination with 5 0 -GCTCTAGATTTGTATAGTTCATCC-3 0 (MVM189) that binds to the 3 0 -end of gfp and 5 0 -CA-GCCATATGACCCCCCCGCATAAC-3 0 (MVM144) that binds to the 5 0 -end of ftsZ coding region, respectively, to generate 1.1 and 0.7 kb PCR products. Mutation generating sequences are shown in bold and restriction endonuclease recognition sequences incorporated for cloning are underlined. Overlay PCR reaction was carried out using the two PCR products from the previous step as templates along with primers MVM189 and MVM144 to generate a full length ftsZ*-gfp. Similarly, MVM144 and MV240 (5 0 -GCTCT-AGAGTGCCGCATGAAGGGCGGC; binds to 3 0 the end of ftsZ) were used as primers to generate ftsZ* smeg and (referred to as ftsZ* from here on). All PCR products were confirmed by sequencing. The ftsZ* and ftsZ*-gfp were cloned downstream of amidase promoter (amip), respectively, in pMV306 and in pJAM2 to create pEM21 and pEM18, and introduced into M. smegmatis (Table 1) . For some experiments, gene for enhanced yellow fluorescent protein (eyfp) was PCR amplified from pEYFP and cloned downstream of ftsZ to create pRR13 ( Table 1 ). The ftsZ* coding region was also cloned downstream of T7 promoter in pET15b resulting in pLR12 (Table 1) .
Construction of M. smegmatis ecfp-ftsW
Blast search of the TIGR unfinished genome website (www.tigr.org) with the M. tuberculosis ftsW sequence identified the M. smegmatis ftsW ortholog. Oligonucleotide primer pair MVM439 (5 0 -TCGCTAGATTATCA-CCCGTAACGCTGACCTTCCAAT-3 0 ) and MVM456 (5 0 -TCGCTCTAGAGTGGGCAGCATCCTCACCC-GGCTGC-3 0 ) was used to amplify the ftsW coding region from M. smegmatis genomic DNA, confirmed by sequencing and fused with the 3 0 end of the gene for enhanced cyan fluorescent protein (pECFP) expressing from amip to create pLR21.
Recombination experiments
A two-step homologous recombination strategy as described by Parish and Stoker [16] was used to disrupt M. smegmatis ftsZ at its native locus in the presence of an integrated copy of either wild-type [12] or mutant ftsZ. Briefly, in the first step, suicidal (non-replicative) plasmid vectors containing positive (lacZ gene for blue color, aph gene for kanamycin resistance) and negative counterselectable marker (sacB for sucrose sensitivity) were used to construct ftsZ single crossover strain FZ1 [12] . This strain is resistant to kanamycin, sensitive to sucrose and produces blue color on indicator plates. Plasmid construct expressing ftsZ* (pEM21) was integrated at mycobacteriophage attachment site in FZ1. In the next step, the resulting merodiploid SCO strain was plated for double crossovers (DCO) that are sensitive to kanamycin, white in color and resistant to sucrose. Analysis of DCOs was done by PCR and Southern hybridization as described [12] .
Immunoblotting
Preparation of mycobacterial cell lysates, detection of FtsZ by Western blotting using affinity-purified anti-M. tuberculosis FtsZ antibodies were essentially as described previously [12] . Western blots were processed using the Amersham Pharmacia ECF chemifluorescence kit and protocol, and FtsZ bands were visualized by scanning the nitrocellulose blots in a Bio-Rad Molecular Imager and quantified using the Quantity One software.
Polymerization assays
The M. tuberculosis ftsZ and M. smegmatis ftsZ* coding regions were expressed from T7 promoter in pET15b (pSAR1 and pLR12) and the his-tag fusion proteins were purified on two successive nickel affinity columns. Based on SYPRO-RUBY staining the purified proteins were judged to be approximately 92% pure (not shown). The purified proteins were stored in 25 mM HEPES buffer pH 7.2 containing 0.1 mM EDTA, 10% glycerol and 1 mM DTT. FtsZ polymerization was examined by sedimentation assay [17] . Polymerization reactions were carried out in a 50 ll volume containing 50 mM MES, pH 6.5; 5 mM MgCl 2 ; 100 mM KCl; without or with 1mM GTP and 10 lM FtsZ TB or FtsZ* (FtsZ D374-376A ). The reactions were initiated by the addition of GTP and incubated for 10 min at 30°C. Polymerized FtsZ was separated by centrifugation at 80,000 rpm in a TLA100.1 rotor in a Beckman TL100 ultracentrifuge. Pellet and supernatant fractions were separated on SDS-PAGE and visualized following staining with Coomassie brilliant blue.
Microscopy and visualization of FtsZ and FtsW septal structures
Overnight cultures of M. smegmatis merodiploids expressing fluorescent fusions of wild type and mutant forms of FtsZ protein (ftsZ smeg -gfp, ftsZ*-gfp, ftsZ smegeyfp), and wild FtsW protein (ecfp-ftsW smeg ) were diluted in 7H9 broth and grown without or with 0.2% acetamide for 5 h. Bacteria were then examined by fluorescence microscopy using either a Nikon Eclipse 600 microscope (with a 100· Nikon Plan fluor oil immersion objective with a numerical aperture of 1.4; standard FITC filter set from Chroma) or a Perkin Elmer Ultraview LCI Confocal Imaging system attached to a Nikon TE2000 inverted microscope (100· DIC objective with na of 1.4; Helium-Cadmium and Argon laser for exciting CFP and YFP, respectively). Images were acquired using either a Photometrics Coolsnap ES camera and Metapmorph 6.2 imaging software (Universal Imaging Corporation) or a Hamamatsu digital camera and Imaging Suite 5.2 software. All images were optimized using Adobe Photoshop 7.0.
Results and discussion
FtsZ-FtsW interactions in a yeast two-hybrid system
Yeast matchmaker two-hybrid system (Clontech) was used to detect interactions between FtsZ and FtsW proteins. The protocol relies on the principle that positive interactions between the two fusion proteins would result in the production of intact b-galactosidase protein which can then cleave the substrate 5-bromo-4-chloro-3-indolyl-b-D-galactoside to produce blue color. As can be seen, yeast transformants producing FtsZ from GAL4 activating and DNA binding domains showed b-galactosidase activity comparable to that of the positive controls producing the well-established protein-interaction partners, namely murine P53 protein (pVA3) and SV40 T-antigen (pTD1) (Fig. 1) . These results are consistent with the findings that FtsZ TB protein exhibits oligomerization activity in vitro [18] and polymerization activity in vivo [11] . Yeast transformants producing intact FtsZ TB and the soluble cytoplasmic C-terminal FtsW fragment (3 0 W) from either combination of expression vectors showed b-galactosidase activity indicating that the C-terminal end of FtsW is sufficient for interaction with FtsZ (Fig. 1) . In contrast, yeast transformants producing heterologous human Laminin C protein (pLAM5 0 -1) along with either FtsZ (pGAD10-FtsZ) or C-terminal FtsW (pGAD10-3 0 W) did not show any measurable b-galactosidase activity (data not shown). Similarly, yeast transformants producing a truncated FtsZ lacking the C-terminal domain and 3 0 W also did not show b-galactosidase activity (data not shown). Together, these results indicate that FtsZFtsW proteins interact in vivo, and that the C-terminal domains of FtsZ and FtsW proteins are important for these interactions.
Aspartic acid residues located at the C-terminal end of FtsZ are essential for cell division and viability
Biochemical assays showed that a stretch of four aspartic acid residues located at the C-terminal end of FtsZ (D 364-367 ) are important for interactions between FtsZ and FtsW [15] . Interactions between the two proteins are completely abolished when 3 of the 4 aspartic acid residues were replaced with alanine (D 364-366 ) [15] . If the presumed interactions between the FtsZ and FtsW proteins are biologically relevant and are essential, then one would expect that FtsZ protein containing alanine in place of aspartic acid at these locations, FtsZ*, would be defective for interactions with FtsW, hence would not be proficient for subsequent cell division. To test this hypothesis we attempted to create a strain expressing ftsZ* as the sole source for FtsZ. These experiments were carried out in M. smegmatis for the following reasons. (1) We showed earlier that M. tuberculosis merodiploids expressing ftsZ from heterologous promoters are nonviable [11] ; (2) ftsZ smeg is essential for viability and can only be deleted in the presence of another copy of ftsZ integrated elsewhere on the chromosome [12] ; (3) ftsZ tb can replace the function of the M. smegmatis counterpart [12] ; (4) FtsZ Smeg and FtsZ TB are 90% identical; (5) FtsZ Smeg , like the FtsZ TB , has a conserved acidic patch (D374-376) at the C-terminus, and finally (6) both M. smegmatis and M. tuberculosis FtsW proteins have a hydrophilic C-terminal tail rich in arginine although the exact sequence of this region is not identical. To test whether the D374-376 residues of FtsZ smeg are important for FtsZ function and cell division, we attempted to delete the ftsZ smeg at its native locus in the presence of an integrated copy of ftsZ* gene (pEM21) expressed from amip using the previously described two-step homologous recombination protocol [12] . The viability of ftsZ* merodiploid strain was comparable to its wildtype counterpart indicating that production of FtsZ* is not toxic to M. smegmatis (data not shown). DCOs were selected, genomic DNA from sixty DCOs was prepared and ftsZ gene analyzed by PCR and Southern hybridization. Both analyses revealed only wildtype pattern indicating that chromosomal ftsZ cannot be deleted in merodiploids expressing ftsZ* (data not shown). In contrast, 10 of the 30 DCOs had chromosomal ftsZ deletion in merodiploids expressing wildtype ftsZ from integrated pJFR78 (data not shown; [12] ). Western analysis revealed that sufficient levels of FtsZ* are produced in the pEM21 merodiploid strain (Fig. 2, compare lanes 2-5 with lane 1) . Volume analysis of FtsZ band intensities by QuantityOne software (Bio-Rad) revealed that approximately 1.8 fold FtsZ protein was present after 6 h of induction. These levels are comparable to those from our earlier studies on production of wild-type FtsZ under identical experimental conditions [12] . These results are consistent with a notion that the failure to achieve homologous allele replacement is not due to the lack of expression of ftsZ*. In the above experiments, selection for DCOs was carried out at 37°C. We also carried out recombination experiments and subsequent selection for DCOs at 28°C to see if the functional replacement of wild-type ftsZ with that of the ftsZ* results in a temperature sensitive phenotype. Again, 30/30 DCOs analyzed showed wild-type pattern, i.e. retained wildtype ftsZ at native location (data not shown). Failure to delete chromosomal ftsZ at either temperature indicates that aspartic acid residues located at the C-terminus of FtsZ smeg (D374-376) are essential for FtsZ activity and cell division. Yeast matchmaker system was used to detect interactions between FtsZ and FtsW. The 2-hybrid plasmids were introduced in various combinations into the yeast Y190 strain, and the recombinant strains were examined for bgalactosidase activity as described in Section 2. Assays were done from at least three independent colonies. Yeast strains: TD1-VA3-1, with positive control plasmids expressing fusion of SV40 large T-antigen and GAL4-AD, and fusion of the murine p53 protein and GAL4-BD; Z-Z, with pAS2 and pVA3-1 plasmids expressing ftsZ fusion; Z-3 0 W, with pAS2 plasmid expressing ftsZ fusion and pVA3-1 expressing 3 0 end of ftsW fusion; 3 0 W-Z, with pAS2-1 plasmid expressing 3 0 end of ftsW and pVA3-1 expressing ftsZ fusion. 
M. smegmatis FtsZ* can colocalize with the wild-type FtsZ smeg to the Z-rings
Cell division process is believed to be initiated when FtsZ assembles to form the Z-ring at the putative midcell location and catalyzes a cascade of events. Thus, the defect in cell division resulting in inviability could be due to a defect either at the assembly step of the Z-ring and or at a post assembly event. To gain insights into these issues, we constructed M. smegmatis merodiploid strain expressing amip-ftsZ*-gfp (pEM18, Table 1 ) from a self-replicating vector [19] and visualized FtsZ structures by fluorescent microscopy.
Overexpression of ftsZ from amip in self-replicating plasmids results in filamentation and lethality [11] . However, we found that the amip is leaky and confirmed by immunoblotting that FtsZ-GFP fusion protein was produced under uninduced conditions in merodiploids expressing ftsZ smeg -gfp or ftsZ*-gfp (Fig. 3A) . Densitometric quantitation indicated that comparable levels of wild-type and mutant FtsZ-GFP fusion protein were produced (data not shown). Next, we examined whether the FtsZ-GFP structures in M. smegmatis merodiploids (pJFR79) can be visualized by fluorescence microscopy under uninduced conditions. Under these conditions, 30-40% cells contained one distinct FtsZ-band per dividing cell (Fig. 3B: panels -a, c) and average length of these cells was comparable to that of the vector control strain (data not shown). These results indicate that a low level production of FtsZ-GFP fusion protein does not interfere with the cell division process. In these experiments, ftsZ-gfp was expressed from a replicating plasmid. Under the same conditions, the M. smegmatis merodiploids producing FtsZ*-GFP (pEM18) also showed similar distinct FtsZ structures in approximately similar number of cells, indicating that the mutant FtsZ*-GFP fusion protein associates with the wild-type protein at the presumptive division site (Fig. 3B: panelsb, d ). When grown in the presence of 0.2% acetamide, the ftsZ*-gfp merodiploid cells produced ribbon-like structures, similar to those seen with the wild-type FtsZ overproduction (data not shown, see [11] ). These results indicate that replacement of aspartic acid with alanine at positions 374-376 of M. smegmatis FtsZ does not compromise its ability to associate with the Z-ring. Since cells expressing mutant ftsZ* as the only copy of ftsZ are not viable, we could not address whether or not the FtsZ* is capable of forming Z-ring like structures in the absence of the wild-type protein. Presumably, inviability is due to either a defective localization of FtsZ* (FtsZ D374-376A ) or formation of nonproductive FtsZ-rings.
The FtsZ* has polymerization activity
FtsZ TB protein catalyzes GTP-dependent polymerization and hydrolysis activities [18] . To test whether FtsZ* is competent for polymerization, sedimentation assay was used [17] . Polymerization was initiated with the addition of GTP and the FtsZ polymers pelleted following high-speed centrifugation. While no polymerization was seen in the absence of GTP, FtsZ* polymerized in the presence of GTP, like the wild-type FtsZ TB protein (Fig. 4) . Presumably, the GTP dependent polymerization activity detected in vitro does not translate to the formation of productive Z-rings in vivo.
FtsZ smeg and FtsW smeg colocalize to the Z-ring
The above data show that the aspartic acid residues at the C-terminus of FtsZ are important for FtsZ function and cell division. The observed interactions between FtsZ and FtsW imply that FtsW could be a part of the septasomal complex of M. smegmatis, and possibly colocalize with FtsZ to the midcell site. Therefore, we examined M. smegmatis merodiploid cells producing ECFP-FtsW smeg fusion protein by fluorescence microscopy. The ECFP-FtsW smeg could not be visualized under uninduced conditions (data not shown) whereas growth in the presence of acetamide for 5 h led to a moderate increase in cell length (Fig. 5, compare a and  b) , and enabled visualization of distinct ECFP-Fts-W smeg structures as bands (see Fig. 5c ), similar to the structures formed with FtsZ-enhanced yellow fluorescent fusion protein (FtsZ-EYFP) (Fig. 5d) . The filamentous cells were somewhat curvy and only 5% of them had distinct ECFP-FtsW structures, majority of which were at the midcell sites (Table 2) . Merodiploids producing GFP-FtsW fusion also had similar number of septal rings (data not shown) indicating that the low abundance is not due to the type of fluorescent fusion protein used. In contrast, under these conditions, 20-22% of cells overproducing FtsZ had distinct FtsZbands and majority of which were at the midcell location (Table 2 ). In the above merodiploid strains, the FtsZ-EYFP (pRR13) was produced from an integrated plasmid whereas the ECFP-FtsW (pLR21) was from a replicating plasmid. It is pertinent to note that late recruits to the division site in E. coli show reduced localization frequency as compared to FtsZ [20, 21] . The curvy nature of the filamentous cells made precise determination of the location of septal FtsZ-EYFP and ECFP-FtsW bands difficult and therefore only relatively straight filaments were scored for these determinations. The increase in cell length associated with FtsW overproduction was moderate as compared to FtsZ overproduction under the same conditions (data not shown). Some FtsW filamentous cells also showed increased background fluorescence and few weak intense fluorescence spots. Presumably, these are nonproductive structures associated with fusion protein overproduction and or accumulation of proteolytic breakdown products [21, 22] . We lack antibodies to FtsW and consequently could not measure FtsW levels relative to FtsZ protein.
Together, these results indicate that more than normal levels of FtsW interfere with the cell division process [23] , and that FtsW is also a member of M. smegmatis septasomal complex.
Since both FtsZ and FtsW proteins of M. smegmatis are associated with distinct structures, we next examined whether FtsW localizes to the same site as the FtsZ. To address this question, we transformed merodiploid strain expressing ftsZ-eyfp with pLR21 plasmid expressing ecfp-ftsW. ECFP and EYFP are mutant GFP proteins with different absorption and emission spectra and do not show any fluorescence crossover when appropriate fluorescence channels were used (data not shown; [21] ). The M. smegmatis merodiploid strain expressing both ftsZ smeg -eyfp and ecfp-ftsW smeg was grown in the presence of 0.2% acetamide for 5 h and visualized by fluorescence microscopy. We first observed the localization of FtsZ smeg -EYFP to the presumptive midcell site in the EYFP channel (Fig. 5f ). The same field of focus when examined in the ECFP channel also showed distinct ECFP-FtsW smeg bands that colocalized to the EYFP sites (Fig. 5g) . It is noteworthy that not all cells that showed distinct FtsZ-EYFP smeg bands showed the corresponding ECFP-FtsW smeg fluorescence (Fig. 5 , compare f and g; Table 2 ). Approximately 20% cells had septal Z-rings and 27% of these are associated with FtsW (see Table 2 ). On the other hand, 93% of FtsW rings showed FtsZ localization. Our results showing Fig. 4 . FtsZ* is polymerization proficient. The ftsZ TB and ftsZ* (ftsZ* smeg ) coding regions were expressed from pET15b, the his-tag fusion proteins were purified on two successive nickel affinity columns and their polymerization activity was examined by sedimentation assay [17] . The polymerized FtsZ was separated by centrifugation, the pellet and supernatant fractions were run on SDS-PAGE and visualized following staining with Coomassie brilliant blue. The FtsZ smeg protein runs slightly slower than the FtsZ TB protein on SDS-PAGE [11] . Ssupernatant; P -pellet. Purified FtsZ TB and FtsZ* proteins were also loaded on the same gel for reference.
fewer septal FtsW rings as compared to FtsZ rings in M. smegmatis merodiploid strain are consistent with a notion that FtsW smeg could be a late recruit to the division site, and that mycobacterial FtsZ could localize to the division site independent of FtsW. The FtsZ-fluorescent fusions are more easily detected as compared to the fluorescent protein fusions to other Fts proteins [21] . The differences in protein abundance, and to some extent the different planes of focus for ECFP and EYFP channels in the particular images may affect the number of FtsZ and FtsW rings observed [21] . Alternatively, the YFP fusion at the C-terminus of FtsZ may sterically interfere with the interactions with CFP-FtsW fusion resulting in fewer ECFP-FtsW rings.
Conclusions
The key findings of this study are that the FtsW protein interacts with FtsZ in vivo; the FtsW protein is a member of mycobacterial septasome that is organized into ring like structures [11] , and colocalizes with the FtsZ-ring in the filamentous cells. In addition, our results suggest that the observed FtsZ and FtsW interactions are These results are consistent with the situation seen in E. coli [20] . This raises the question as to how FtsZ is localized to the putative midcell locations in mycobacteria.
Clearly detailed studies are required to evaluate whether FtsZ can assemble at midcell site in the absence of FtsW and vice versa. The FtsW protein of E. coli is implicated at the initiation stage of Z-ring assembly and also at later stages of cytokinesis [24, 25] . It conceivable that the function of mycobacterial FtsW is pleiotropic in that it could promote the targeting of FtsZ protein to the predivisional site and subsequently be involved in the stabilization of FtsZ rings and or for other aspects of cytokinesis following the assembly of Z-rings. Finally, our colocalization experiments showing only a limited number of FtsZ rings associated with FtsW, suggest a possibility that hitherto unidentified interactions of FtsZ with other proteins involved in cytokinesis are lost in ftsZ* background.
